NY-ESO-1 is a tumor-specific shared antigen with distinctive immunogenicity. Both CD8 ؉ T cells and class-switched Ab responses have been detected from patients with cancer. In this study, a CD4 ؉ T cell line was generated from peripheral blood mononuclear cells of a melanoma patient and was shown to recognize NY-ESO-1 peptides presented by HLA-DP4, a dominant MHC class II allele expressed in 43-70% of Caucasians. The ESO p157-170 peptide containing the core region of DP4-restricted T cell epitope was present in a number of tumor cell lines tested and found to be recognized by both CD4 ؉ T cells as well as HLA-A2-restricted CD8 ؉ T cells. Thus, the ESO p157-170 epitope represents a potential candidate for cancer vaccines aimed at generating both CD4 ؉ and CD8 ؉ T cell responses. More importantly, 16 of 17 melanoma patients who developed Ab against NY-ESO-1 were found to be HLA-DP4-positive. CD4 ؉ T cells specific for the NY-ESO-1 epitopes were generated from 5 of 6 melanoma patients with NY-ESO-1 Ab. In contrast, no specific DP4-restricted T cells were generated from two patients without detectable NY-ESO-1 Ab. These results suggested that NY-ESO-1-specific DP4-restricted CD4 ؉ T cells were closely associated with NY-ESO-1 Ab observed in melanoma patients and might play an important role in providing help for activating B cells for NY-ESO-1-specific Ab production.
A number of studies suggest that tumor-reactive T cells play an important role in mediating tumor regression. The molecular basis of T cell-mediated antitumor immunity has been elucidated by the identification of a number of tumor antigens recognized by CD8 ϩ T cells (1, 2) . These MHC class I-restricted tumor antigens can be divided into several categories. The tissue-specific differentiation antigens, which include MART-1 (3), TRP-1͞gp75 (4), TRP-2 (5), and gp100 (6) are expressed in melanoma as well as normal melanocytes. Tumor-specific shared antigens such as MAGE-1 (7) and NY-ESO-1 (8, 9 ) are expressed in a wide variety of tumors such as breast cancer and lung cancer. The expression of these products is limited in cancer cells with the exception of normal testis. Tumor-specific unique or mutated antigens such as ␤-catenin (10) also have been described. Among these antigens, NY-ESO-1 is of particular interest because both cytotoxic T lymphocyte and Ab responses have been shown to react with this antigen (9, 11) . NY-ESO-1 encodes two gene products recognized by CD8 ϩ T cell clones (9) . In addition, high titers of Ab were detected from about 50% of patients with NY-ESO-1-positive tumor (12) . Because of its strict tumor-specific expression pattern (8) , NY-ESO-1 is potentially an important immune target for the development of immunotherapy for a variety of cancer types.
Increasing evidence from both human and animal studies has indicated that CD4 ϩ T cells play a central role in initiating and maintaining host immune responses against cancer (2, 13) . The observation that high titers of NY-ESO-1 antibodies were present in a high proportion of patients suggested that CD4 ϩ T cell responses also might be found in these patients. Recently MHC class II-restricted T cell epitopes from NY-ESO-1 presented by DRB1*0401 (14) and DRB4*0101 (15) have been identified. Nevertheless, the observation that the majority of patients with NY-ESO-1 Ab did not express the abovementioned MHC class II alleles (14, 15) suggested that CD4 ϩ T cells from most patients might recognize epitopes in the context of additional MHC class II alleles.
In this study, a CD4 ϩ T cell line was generated and shown to recognize NY-ESO-1 peptides presented by HLA DP4, a prevalent MHC class II allele present in approximately 43-70% of Caucasians (16) . More importantly, 16 of 17 (94%) of the melanoma patients who produced high titer Ab against NY-ESO-1 are DP4-positive. The results of in vitro stimulation demonstrated that the HLA DP4-restricted T cells could be generated from 5 of 6 patients with NY-ESO-1 Ab. These results suggest that recognition of NY-ESO-1 by CD4 ϩ T cells in the context of DP4 is closely associated with the ability of these patients to mount an Ab response against this antigen.
Materials and Methods
Cell Lines, Tissue Culture Reagents, and Abs Used in the Study.
293CIITA is a cell line generated by transduction of 293 cells with a retrovirus encoding the MHC class II transactivator (17) . All melanoma lines and Epstein-Barr virus transformed B lymphocytes (EBVB) lines were generated and maintained in RPMI 1640 (Life Technologies, Rockville, MD) supplemented with 10% FCS (Biofluids, Gaithersburg, MD). Culture medium for lymphocytes was RPMI 1640 with 0.05 mM ␤-mercaptoethanol, 50 cetus units͞ml IL-2 plus 10% human male AB serum (Valley Biochemicals, Winchester, VA). W6͞32 (HLA class I),reverse primer, 5Ј-aaggctacattGC GGC CGC TTA GCG CCT CTG CCC TGA G-3Ј containing an NotI site.
Peptides and Generation of CD4 ؉ T Cells. Synthetic peptides used in this study were made by using a solid-phase method on a peptide synthesizer (Gilson) at the Surgery Branch, National Cancer Institute. The in vitro sensitization procedure was carried out as described (14) . Briefly, approximately 2.5 ϫ 10 5 peripheral blood mononuclear cells (PBMCs) were plated in a 96-well flat-bottom plate in the presence of 20 g͞ml peptide. On days 7 and 14, 1 ϫ 10 5 nonirradiated PBMCs were pulsed with 20 g͞ml peptide, washed twice, and added to each well, and IL-2 at 120 units͞ml was added on days 8, 11, 15, and 18. On day 21, cells were harvested and incubated with target cells overnight before the supernatants were taken for cytokine release assays.
T cells from those wells with specific activities were pooled and expanded by using a rapid expansion method (19) . After expansion, CD8 ϩ T cells were depleted from cultures by using magnetic beads selection (Dynal), and the cell lines subsequently were analyzed for CD4 ϩ and CD8 ϩ expression by flow cytometry.
Cytokine Release Assays. To prepare protein or peptide pulsed targets, peptides were used at a final concentration of 20 g͞ml, and proteins were used at a final concentration of 5 g͞ml. Cells were washed in serum-free RPMI medium and pulsed at 37 C in the absence of serum for 4 h, followed by two time washes. Unless specified, approximately 3 ϫ 10 4 target cells were incubated with the same number of T cells for at least 16 h before a cytokine release assay was carried out. Granulocytemacrophage colony-stimulating factor (GM-CSF) ELISA kit (R&D Systems) and other cytokine kits were obtained from R&D Systems and Endogen (Woburn, MA).
Molecular Typing of HLA DP Molecules. The following primer pairs were used for PCR amplification of HLA-DPA and -DPB. DPA forward primer was 5Ј-ATG CGC CCT GAA GAC AGA ATG T-3Ј; DPA reverse primer was 5Ј-TCA CAG GGT CCC CTG GGC CCG GGG GA-3Ј; DPB forward primer was 5Ј-ATG ATG GTT CTG CAG GTT TCT G-3Ј, and DPB reverse primer was 5Ј-TTA TGC AGA TCC TCG TTG AAC TTT C-3Ј. The PCR product was subsequently purified and sequenced by using the identical primers that were used to carry out the PCR. Alternatively, PCR product was first cloned into a pCR4 vector (Invitrogen) and sequenced by using 5Ј and 3Ј primers complementary to the vector sequence. The final sequence was searched against the IMGT-HLA database to confirm the HLA DP identity (http:͞͞www3.ebi.ac.uk͞Services͞imgt͞hla).
Results
Generation of a CD4 ؉ T Cell Line TE4 -2 Against NY-ESO-1. Initial studies were carried out to identify NY-ESO-1 epitopes restricted by the HLA DR4 alleles. Eight 20-mer peptides that contained predicted 9-mer DR4 binding motifs were examined for recognition by lymphocytes from HLA-DR4-IE transgenic mice immunized with the NY-ESO-1 recombinant protein and stimulated in vitro (14) . Three 20-mer peptides were found to be positive in these experiments. One of them was characterized as a promiscuous epitope of both DRB1*0401 and DRB1*0101 (14) . To further characterize two other peptides, ESO p161-180 and ESO p141-160, we used them to stimulate PBMCs from a DRB1*0401-positive patient (TE) who had high titer antibodies. After three rounds of weekly stimulation, 15 of 24 wells showed marked growth from PBMCs that were stimulated with ESO p161-180. Nine of the 15 growth-positive wells tested showed specific cytokine release against peptide-pulsed DRB1*0401-expressing 1088EBVB cells (Fig. 1A) . Specific CD4 ϩ T cells also were generated from the PBMCs stimulated with ESO p141-160 (data not shown). T cells from cultures that specifically responded to the ESO p161-180 peptide stimulation then were combined and expanded. After the depletion of CD8 ϩ T cells, this CD4 Overlapping peptides ESO p161-180 and ESO p156 -175 were pulsed onto 1088EBVB (DR4 ϩ ) and 586EBVB (DR1 ϩ ) cells at 20 g͞ml for 90 min. ESO p91-110 was used as an irrelevant peptide for pulsing. Purified NY-ESO-1 and ESO1-75 proteins were pulsed overnight at 5 g͞ml and 2 g͞ml, respectively, to maintain the same molar ratio. After three washes, TE4 -2 T cells were added and incubated overnight. GM-CSF release was measured. (C) A panel of EBVB cells pulsed with ESO p161-180 were used as targets for TE4 -2 CD4 ϩ T cells. These EBVB lines were known to express different HLA DR and DQ alleles. Their HLA DP alleles were molecularly typed in this study (Table 1) .
NY-ESO-1 protein were further tested for T cell recognition. An irrelevant peptide, ESO p91-110, and a purified truncated recombinant protein, ESO1-74, comprising amino acids 1-74 (14) were used as controls. TE4-2 T cells specifically recognized DR4 ϩ 1088EBVB cells pulsed with the full-length NY-ESO-1 protein, but not the truncated ESO1-74 protein (Fig. 1B) . Both the ESO Abs were used at a final concentration of 20 g͞ml each. CK3H6 T cells specifically recognized gp100 p209 -218 peptide in the context of HLA A2 and was used as the specificity control for anti-MHC class I Ab. 1088EBVB (A2 ϩ ) pulsed with gp100 p209 -218 peptide was used as targets. A CD4 ϩ T cell line (T3-80) recognized 1362mel in an HLA-DR1-restricted fashion and was used as the specificity control for anti-MHC class II and anti-DR Abs. nd: allele(s) not determined. The detection of the presence of NY-ESO-1 Abs in melanoma patients has been described (14) . In this study, 17 of 148 patients were positive for NY-ESO-1 Ab. Fisher's exact test P value was 0.0009 for the association of DPB1*0401 and NY-ESO-1 Ab production. † Subtype unknown.
p161-180 and p156-175 were recognized by TE4-2, indicating that the minimal peptide epitope resided between amino acids 161 and 175. Unexpectedly, the TE4-2 T cell line appeared to respond equally well to peptides and proteins pulsed on 586EBVB cells, which expressed DRB1*0101 but not DRB1*0401. One possibility was that peptides were presented by different class II molecules. An alternative explanation was that a common MHC class II restriction element shared by both 1088EBV and 586EBVB cells presented the peptides to TE4-2 T cells. To test these possibilities, a number of other EBVB cells with known HLA DR and DQ types were tested in an attempt to identify the restriction element used by TE4-2 T cells. All but one of the EBVB cell lines tested were able to present the ESO p161-180 peptide to TE4-2 (Fig. 1C) . T cell recognition of peptides then was carried out in the presence of specific antibodies that blocked the recognition of peptides restricted by different MHC restriction elements. The results in Fig. 2 demonstrated that anti-MHC class II (IVA12) and anti-HLA DP (B7͞21) antibodies abolished the ability of TE4-2 T cells to recognize ESO p161-180. Anti-class I (W6͞32), anti-DR (L243), and anti-DQ (Genox 3.53 and IVD12) Ab had little or no effect on the stimulation of TE4-2 T cells. Thus, these results suggested that the TE4-2 T cells recognized ESO p161-180 in the context of a highly prevalent HLA DP allele shared by EBVB cell lines used in this study.
We then molecularly cloned and sequenced HLA-DP alleles for cell lines used in Fig. 1C and showed that 1088EBVB and 586EBVB lines were both homozygous for the HLA DPB1*0401 gene product ( Table 1) . The L023 EBVB cell line, which did not present the ESO p161-180 peptide to TE4-2, was negative for DPB1*0401 and 0402. The 1363, 1088, 836, and L007 EBVB cell lines all expressed DPB1*0401. Thus, it appeared that both DPB1*0401 and DPB1*0402 were capable of presenting the ESO p161-180 epitope to TE4-2 CD4 ϩ T cells.
Recognition of a Naturally Processed NY-ESO-1 Epitope on Tumor Cells
by TE4 -2. To investigate whether the T cell epitope recognized by TE4-2 was naturally processed and presented on the surface of tumor cells, TE4-2 T cells were tested against a number of tumor cell lines with known expression patterns for both NY-ESO-1 and DP4, and 293CIITA transfected with NY-ESO-1. As shown in (Fig. 3B) . These results suggested that epitopes derived from NY-ESO-1 and LAGE-1 were present on the surface of tumor cells for T cell recognition. Taken together, these results demonstrated that TE4-2 T cells recognized a naturally processed NY-ESO-1 epitope on the cell surface.
Overlapping of DP4-Restricted Epitopes with an HLA-A2 Restricted
Epitope. In an attempt to identify the anchor residues present between amino acids 161 and 175, a series of overlapping 13-mer peptides were used to pulse 1088EBVB cells and tested for their abilities to stimulate TE4-2 T cells. As shown in Fig. 4A , a partial loss of activity was observed when the W residue at position 161 was removed; and a complete loss of activity was observed when the I residue at position 162 was deleted. The deletion of a C-terminal L residue at position 167 also abolished the recognition of the peptide by TE4-2 T cells. Moreover, the residue V at position 169 appeared to be important, as deletion of this residue resulted in a 2-fold decrease in the peptide's stimulatory activity. These results indicated that the W residue at position 161 may be a P1 anchor, and the L residue at position 167 represented the P7 anchor. The V residue at position 169 also appeared to contribute to the stimulatory capacity of the peptide epitope, indicating that it may represent the P9 anchor residue. These putative anchor residues closely matched the previously described consensus HLA DPB1*0401 binding motif (21) .
The ESO p157-170 peptide, which contained all three anchored residues, was used in the titration experiment to determine the minimal stimulatory concentration for the peptide. The results demonstrated that ESO p157-170 was able to stimulate significant cytokine release from TE4-2 T cells at a minimum concentration between 3 and 33 nM (Fig. 4B) . These results indicated that TE4-2 T cells recognized ESO p157-170 with a relatively high affinity compared with several known MHC class II binding epitopes from nonmutated peptides, such as those from gp100 (22) , tyrosinase (26) , and CDC-27 (18) .
Interestingly, a previously identified HLA-A2 epitope, ESO p157-167 (11), was contained within the DPB1*0401-0402 epitope, ESO p157-170. To assess whether the HLA-DP epitope may be presented by HLA-A2 and cross-react with CD8 ϩ T cells, ESO p157-170 was tested for recognition by TE8-1, a CD8 ϩ T cell line specifically recognizing the HLA-A2-restricted ESO p157-167. ESO p157-170 was able to stimulate significant cytokine releases from TE8-1 T cells when pulsed onto L023 EBVB cells (HLA-A2 ϩ DP4 Ϫ ) (Fig. 4C) , indicating that the ESO p157-170 epitope had dual specificity for stimulating both CD4 ϩ and CD8 ϩ T cells. Therefore, ESO p157-170 might be an attractive candidate for cancer vaccines aimed at eliciting both tumor-specific CD4 ϩ and CD8 ϩ T cell immune responses.
Association of the NY-ESO-1 Ab Production with HLA DP4. HLA DP4 is a dominant MHC class II allele present in a large portion of Caucasians, ranging between 43% and 70% in population studies involving different ethnic groups (16) . A previous study (12) showed that about 10% of patients with advanced disease developed NY-ESO-1-specific Ab. In our study, we found that 11 of 88 (13%) melanoma patients tested were found to have high titers of NY-ESO-1 Ab (14) . Because NY-ESO-1 is expressed in 20% of melanoma and HLA-DR4 expressed in 15% of the population, the previously identified DR4-restricted CD4 ϩ T cell peptides only account for 3% of patients who have the potential to develop NY-ESO-1-specific Ab. Evidently, DR4-restricted CD4 ϩ T cells cannot account for the Ab production in 10-13% of patients observed. To further investigate whether NY-ESO-1-specific DP4-restricted CD4 ϩ T cells were associated with the production of NY-ESO-1-specific Ab in these melanoma patients, we first analyzed their HLA DP subtypes. Sixteen of seventeen (94%) patients with NY-ESO-1 Ab were found to be positive for DP4, whereas no predominant DQ or DR restriction elements could be identified in this group of patients ( Table 1) . Six of eight patients with known NY-ESO-1-expressing tumors but with no detectable Ab were negative for DP4. A P value of 0.0009 was obtained from a Fisher's exact test, indicating the significance of the association between Ab responses and the HLA-DP4 expression. Based on the expression frequency for NY-ESO-1 (20%) and DP4 (43-70%), the percentage of patients expressing both NY-ESO-1 and DP4 and with the potential to develop Ab responses is in the range of 8.6% to 14%. This prediction is very close to the observed 10-13% frequency of patients with NY-ESO-1 Ab.
To obtain additional evidence as to the association between NY-ESO-1 Ab response and the DP4 expression, PBMCs from six patients with NY-ESO-1 Ab were used for in vitro stimulation with the ESO p161-180 peptide, and PBMCs from two DP4-negative patients with no detectable NY-ESO-1 Ab were used as controls. T cells were examined for their response to 293CIITA cells pulsed with the ESO p161-180 peptide after two or three rounds of in vitro stimulation. CD4 ϩ T cells from five of six patients with NY-ESO-1 Ab showed a specific recognition of the ESO p161-180 epitope presented by 293CIITA cells (DP4 ϩ and HLA-A2 Ϫ ) ( Table 2) . Two of them also showed significant tumor recognition of DP4 ϩ and NY-ESO-1 ϩ melanoma lines without further enrichment of the CD4 ϩ T cells (data not shown). In contrast, no NY-ESO-1-reactive T cells were generated by using PBMCs from two patients (WC and EW) with no detectable NY-ESO-1 Ab after three stimulations. It should be noted that although in this particular experiment T cells from patients TE and FJ exhibited relatively low activities, high T cell activity was originally generated from the same patient TE as well as in other experiments. On the other hand, we were not able to generate any T cell activity from patients without NY-ESO-1 Ab. These results suggested a strong correlation between the frequency of CD4 ϩ T cells precursor reactive with the DP4-restricted NY-ESO-1 epitope and the production of anti-NY-ESO-1 Ab in melanoma patients. Taken together, these results support the notion that NY-ESO-1-specific DP4-restricted CD4 Discussion NY-ESO-1 is an important immune target because it gives rise to both humoral and cellular immune responses (9, 11) . Of particular interest, high titered NY-ESO-1 reactive Abs were frequently detected in patients with cancer (12, 14) whereas a very low percentage of patients developed high titers of Abs against the MAGE antigens or differentiation antigens such as tyrosinase, gp100, TRP-1, and TRP-2 (12) . The use of recombinant protein expressed in bacteria may not detect Ab responses against glycosylated epitopes as well as native conformational epitopes, but a similar conclusion has been made based on the use of protein translated in an in vitro eukaryotic expression system (23) . These studies strongly suggest that NY-ESO-1-reactive CD4 ϩ T cells may be involved in Ab production and cytotoxic T lymphocyte proliferation. In this end, HLA-DR4-restricted T cell epitopes derived from NY-ESO-1 were shown to be presented by HLA-DR4 (DRB1*0401) and (DRB4*0101-0103) molecules to CD4 ϩ T cells (14, 15) . However, HLA-DR4 is only present in about 15% of the population, suggesting that other MHC class II molecules may play an important role in presenting NY-ESO-1 epitopes to CD4 ϩ T cells. The studies described above provide several lines of evidence that DP4-restricted CD4 ϩ T cells may play a role in antitumor immunity.
First, in animal studies, antitumor immunity and autoimmunity mediated by gp75͞TRP-1 appeared to require CD4 ϩ T cells and Abs (24) . Immunization of mice with hTRP-2, but not mTRP-2, broke tolerance to the self-antigen and the antitumor immunity required the participation of both CD4 ϩ and CD8 ϩ T cells (25) . These studies suggested that antitumor immunity could be mediated by either Abs or CD8 ϩ T cells, but both require the critical help of CD4 ϩ T cells (25) . DP4-restricted CD4 T cells may provide help for both CD8 ϩ T cell proliferation as well as B cell activation. Second, CD4 ϩ T cell responses are restricted by the highly polymorphic MHC class II molecules. A few MHC class II-restricted tumor antigens recently identified by using tumor-reactive CD4 ϩ T cells are presented by HLA-DR molecules with a frequency of less than 20% of the population. The majority of these antigens are mutated antigens. Because of this and the polymorphic property of DR alleles, these antigens are not very useful in clinical application. The T cell epitopes identified in this study are nonmutated peptides presented by a dominated DP4 allele with a frequency of 43-70% of the population. Hence, these CD4 ϩ T cell epitopes can be used in up to 70% of patients with cancer. Third, 16 of 17 (94%) patients with high titered NY-ESO-1-specific Ab are DP4-positive, whereas six of eight (75%) patients with NY-ESO-1 expressing tumor and no detectable NY-ESO-1 Ab are negative for DP4 (Table 1) . More importantly, DP4-restricted CD4 ϩ T cells were generated from five of six DP4-positive patients with high titered Ab ( Table 2) . These results suggest a strong association between Ab production and DP4-restricted CD4 ϩ T cells. Finally, the DP4-restricted NY-ESO-1 peptides identified in this study contain both MHC class I and II-restricted T cell epitopes and may be useful in immunotherapy aimed at inducing both CD4 ϩ and CD8 ϩ T cell responses. These findings will provide an opportunity for developing more effective cancer vaccines for the treatment of patients with cancer. Table 2 . Recognition of DPB1*0401-restricted ESO p161-180 by CD4 ؉ T cells generated from patients with and without specific Ab responses
